Acute kidney injury (AKI) is a complex kidney disorder that leads to numerous complications, such as elevated nitrogenous wastes, metabolic acidosis, high potassium levels and even death. The pathogenesis of AKI is very complicated, and its causes are commonly categorized as prerenal, intrinsic or postrenal. In the past few years, evidence has accumulated showing that non-coding RNAs (ncRNAs), such as microRNAs (miRNAs) and long non-coding RNAs (lncRNAs), have significant potential to aid the development of diagnostic and therapeutic strategies of AKI. In this review, we briefly summarize the current understanding of the mechanisms underlying AKI and the main functions of ncRNAs. We mainly focus on revealing the functions of miRNAs (e.g., miR-21, miR-24, miR-30 family, miR-126, miR-127, miR-150, miR-494 and miR-687) and lncRNAs (e.g., TapSAKI, AK139328 and lncRNA-PRINS) in the pathogenesis of AKI.
Introduction
Acute kidney injury (AKI), also known as acute renal failure (ARF), is a common and highly lethal disorder characterized by abrupt deterioration of kidney function that develops within 7 days [1] [2] [3] [4] [5] . The pathogenesis of AKI is complicated and generally categorized into prerenal, intrinsic or postrenal causes [6] . Prerenal causes include decreased blood flow in the kidney (e.g., ischemia/reperfusion injury, low blood pressure, blood or fluid loss, heart failure and liver cirrhosis) [6, 7] . Intrinsic AKI occurs as a result of damage to the renal tubules, glomeruli or interstitium, which is commonly caused by inflammation or exposure to substances harmful to the kidneys (e.g., acute glomerulonephritis, acute interstitial nephritis, acute tubular necrosis, sepsis, contrast agents and antibiotics) [6, 7] . Finally, postrenal AKI 25] . A significant number of studies have revealed that dysregulation of individual miRNAs or subsets is associated with the pathogenesis of multiple human disease, such as cancer, cardiovascular disease, cardiac failure, inflammatory diseases, neurodevelopmental diseases, autoimmune diseases, viral infections and metabolic diseases [25, 26] . The primary role of miRNAs in these diseases is gene regulation at the transcriptional or post-transcriptional level [25, 26] . The expression of miRNAs can be altered by many factors, including chromosomal amplification or deletion, modifications in promoter region and activation of transcription factors [27] [28] [29] . miRNA functions can be broadly classified into two categories: (i) homeostatic regulation of gene expression and (ii) regulation of the robustness of cellular responses [27] [28] [29] .
Emerging studies indicate that lncRNAs are critical in a broad range of biological processes and are associated with a number of diseases, such as cancer, cardiovascular diseases and Major apoptotic pathways involved in AKI. Apoptosis is mediated by two main pathways: the mitochondrial pathway (intrinsic) and the cell death receptor-mediated pathway (extrinsic) [16] . The intrinsic pathway is initiated intracellularly, and pro-apoptotic proteins are released from the mitochondria to activate caspases and trigger apoptosis [16] . The extrinsic pathway is mainly mediated through the Fas pathway [16] . The stimulation of cell surface death receptor Fas leads to receptor aggregation and the recruitment of the adaptor molecule FADD and procaspase-8, which subsequently becomes activated and initiates apoptosis by direct cleavage of downstream effector caspases [16] . Puma, p53 upregulated modulator of apoptosis; PMAIP1, Phorbol-12-myristate-13-acetate-induced protein 1, also known as Noxa; Apaf-1, apoptotic protease activating factor-1; FADD, Fas-associated death domain; Bcl-2, B-cell lymphoma-2; Bid, BH3 interacting domain death agonist.
neurodegeneration diseases [19, 30] . Generally, lncRNAs regulate gene transcription, induce chromatin remodeling and modification, modulate alternative splicing patterns, serve as scaffolds for higher-order complexes and function as small RNA precursors [19] .
miRNAs and AKI
Current evidence has revealed that miRNAs can function as negative regulators of gene expression in the initiation and/or progression stages of kidney disease [31, 32] . As shown in Table 1 , a number of miRNAs, such as miR-21 [33] , miR-24 [34] , miR-30 family [35] , miR-126 [36] , miR-127 [37] , miR-150 [38] , miR-494 [39] and miR-687 [40] , have been implicated in both protective and pathogenic roles in the development of AKI.
miR-21
Renal ischemia/reperfusion (I/R) injury, a major cause of AKI, is associated with significant morbidity and mortality [41, 42] . The pathogenesis of renal I/R injury and its related molecular mechanisms are extremely complicated; however, much of the damage during reperfusion is mediated by ROS [11, 13] . ROS-activated inflammatory cells can cause the release of interleukin (IL), tissue necrosis factor (TNF) and other inflammatory factors and can also stimulate expression of hypoxia-inducible factor-1 (HIF-1), thereby promoting cell apoptosis and increasing tissue damage during reperfusion [11, 13] . In studies evaluating global miRNA expression profiles in renal I/R injury models, several miRNAs, including miR-20a, miR-21, miR-146a, miR-187, miR-192, miR-194, miR-199a-3p, miR-214 and miR-805, are differentially expressed upon I/R injury when compared to controls [43] . Of these miRNAs, the role of miR-21 in renal I/R injury has been widely studied and found to be involved in multiple pathophysiological processes including inflammation, fibrosis and cell survival during I/R injury [33, 44] .
The inflammatory response is initiated quickly after I/R injury, and this process is associated with the up-regulation of miR-21, which provides protection against the initiation of apoptosis by targeting programmed cell death 4 (PDCD4), Fas ligand (FasL) and phosphatase and tensin homology (PTEN) (Figure 2A ) [44] . Meanwhile, inflammation may also be reduced as a result of miR-21 targeting of peroxisome proliferator activated receptor-α (PPAR-α) and a decrease in NF-κB-induced inflammation ( Figure 2B ) [45] . In addition, miR-21 contributes to Xenon-conferred amelioration of renal I/R injury in mice Table 1 . miRNAs and their expression during AKI or I/R injury through the regulation of PDCD4, PTEN, HIF-1α and the PTEN-AKT/MAPK3/VEGF pathway (PTEN-AKT, protein kinase B; MAPK3, mitogen-activated protein kinase 3; VEGF, vascular endothelial growth factor) [44, 46] . Moreover, excessive up-regulation of miR-21 induced by transforming growth factor TGF-β stimulation exacerbates tissue fibrosis via suppression of PPAR-α or sprouty homolog 1 (Spry1), resulting in chronic kidney injury [44] . In the end stage of AKI, overexpression of miR-21 can target myeloid differentiation primary response 88 (MyD88) and interleukin-1 receptor-associated kinase 1 (IRAK1), leading to the continuous activation of certain Toll-like receptors (TLRs), which further amplifies phosphorylation and ubiquitination cascades and triggers NF-κB to produce pro-inflammatory cytokines ( Figure  2C ) [33] . The diverse functions of miR-21 in I/R injury-associated processes may result from changes in temporal expression of miR-21 target genes and pathways involved in different stages of I/R pathology [44] .
Recently, in a septic AKI mouse model, it was found that xenon preconditioning could protect against lipopolysaccharide-induced AKI via regulation of signaling pathways targeted by miR-21 [47, 48] . In fact, xenon preconditioning caused upregulation of miR-21. This upregulation was shown to be relevant in the renal injury and repair process via suppression of the target effector PTEN, which resulted in the upregulation of phosphorylated-Akt (p-Akt) and antiapoptotic Bcl-2 and a decrease in caspase-3 activity, thereby inhibiting renal cell apoptosis and attenuating LPS-induced AKI [47, 48] .
miR-24
In a CD-1 mouse model, deletion of DICER, an endoribonuclease that cleaves doublestranded RNA, in the glomerulus resulted in a progressive loss of podocyte function and led to proteinuria and kidney function impairment [49, 50] . Three microRNAs, including miR23b, miR-24 and miR-26a, have been identified as contributors to this renal failure [49, 50] .
Recently, miR-24 was shown to play an important role in the process of I/R injury by stimulating apoptosis in endothelial and tubular epithelial cells [34] . Expression of miR-24 was significantly elevated in the kidneys of mice after I/R injury and in patients after kidney transplantation [34, 51] . Cell-sorting experiments after I/R injury in mice revealed that miR-24 is specifically up-regulated in renal endothelial and tubular epithelial cells [34] . In vitro studies suggested that anoxia/hypoxia could induce elevated expression of miR-24 in endothelial and tubular epithelial cells by targeting prominent antiapoptotic proteins, such as sphingosine-1-phosphate receptor 1 (S1PR1), H2A histone family, member X (H2AFX) and heme oxygenase 1 (HO-1) ( Figure 3A ) [34] . Interestingly, overexpression of these miR-24 targets lacking miR-24 binding sites alongside miR-24 precursors rescued miR-24-mediated apoptosis and impaired tube formation and migration capacities [34] . Conversely, silencing of miR-24 in vivo alleviated renal I/R injury, reduced the rate of apoptosis and led to a significant improvement in survival and kidney function [34] . Moreover, treatment with a locked nucleic acid (LNA) that targeted miR-24 improved renal outcomes and survival in mice subjected to bilateral I/R injury [34] . Therefore, inhibition of miR-24 is a promising therapeutic option for patients with ischemic AKI. 
miR-30 family
Recently, in a contrast-induced rat AKI model, Gutiérrez-Escolano et al. used miRNA microarray assays to detect miRNAs in rat kidney tissues [35] . They found that 51 miRNAs were aberrantly expressed, and one third of these miRNAs (17) showed a >2-fold change in expression in the kidney tissues of contrast-induced AKI rats [35] . Among these 17 miRNAs, the levels of three miR-30 family members (miR-30a, miR-30c and miR-30e), as well as miR-320, were significantly increased in the plasma of contrast-induced AKI rats, while let-7a and miR-200a were significantly decreased [35] . Similar results were also obtained in a validation study with human plasma samples from contrast-induced AKI patients [35] . These results indicated that three miR-30 family members (miR-30a, miR-30c and miR-30e) could serve as biomarkers for contrast-induced AKI detection [35] . However, no targets of these miRNAs in contrast-induced AKI rats or patients have been reported. In an earlier study, Agrawal et al. found that the miR-30 miRNA family (miR-30a-5p, miR-30b, miR-30c-1, miR-30c-2, miR30d and miR-30e) regulates Xenopus pronephros development and targets the transcription factor Lhx1 (LIM-class homeobox factor 1) [52] , which may provide valuable insight for further study of the mechanisms of the miR-30 family.
miR-126
The integrity of the peritubular capillary plexus is thought to be important for recovery from I/R injury [53] . In a mouse model, hematopoietic overexpression of miR-126 led to attenuated expression of C-X-C chemokine receptor type 4 (CXCR4) in bone marrow-derived Lin(-)/Sca-1(+)/cKit(+) cells and increased expression of ligand stromal cell-derived factor 1 (SDF-1), thereby facilitating vascular regeneration and supporting kidney recovery after I/R injury ( Figure 3B ) [53] . This process increased the number of bone marrow-derived endothelial cells and was associated with a higher density of the peritubular capillary network in the corticomedullary junction [53] . Silencing of miR-126 could increase expression of SDF-1 after I/R injury, which resulted in the mobilization of vascular progenitor cells into circulation [55] . Moreover, analysis of cell lysates from whole kidneys revealed that elevated expression of VEGF-A (vascular endothelial growth factor A) and NOS3 (nitric oxide synthase 3) after I/R injury resulted from systemic silencing of miR-126 [53] .
miR-127
Microarrays and RT-PCR analysis in proximal tubule (PT) cells and in a rat renal I/R model have shown that expression of miR-127 is induced during I/R injury [37] . Subsequent analysis indicated that miR-127 could protect PT cells against I/R injury by targeting kinesin family member 3B (KIF3B) ( Figure 3C ), a protein involved in cell trafficking [37] . In vitro interference approaches demonstrated that HIF-1α regulates miR-127 in HK-2 cells in response to hypoxia/reoxygenation (H/R), although the binding site of HIF-1α has not been successfully identified [37] . Moreover, overexpression of miR-127 promoted focal adhesion complex assembly, cell adhesion and the integrity of tight junctions during H/R, implying that it has an important role in the maintenance of cell-matrix and cell-cell adhesion [37, 55] . These results demonstrate that both miR-127 and KIF3B are critical mediators of proximal epithelial tubule cell responses to I/R and may have potential future applications in the management of renal ischemic damage [37] .
miR-150
Previously, miR-150 has been identified to promote renal fibrosis in lupus nephritis through targeting suppressor of cytokine signaling 1 (SOCS1) [56] . Recently, in a mouse model of myocardial infarction (MI)-induced AKI, which mimics human cardiac bypass surgery, deletion of miR-150 protected the kidneys against AKI and bilateral renal I/R injury and was also associated with the suppression of inflammation and interstitial cell apoptosis [38] . When subjecting this mouse model to I/R injury, deletion of miR-150 caused significantly decreased levels of serum creatinine in comparison to WT mice [38] . Immunofluorescence staining with an endothelial marker (cluster of differentiation 31-CD31) and an apoptosis marker (TdT-mediated dUTP nick end labeling-TUNEL) suggested that endothelial cells, but not epithelial cells, undergo apoptosis [38] . Moreover, expression of urinary biomarkers, including kidney injury molecule-1 (KIM-1) and neutrophil gelatinase-associated lipocalin (NGAL), as well as inflammatory cytokines, was significantly reduced in miR-150 knockout mice compared to WT after I/R injury [38] . In addition, miR-150 deletion induced expression of insulin-like growth factor-1 receptor (IGF-1R), one of its target genes ( Figure 3D) . Conversely, overexpression of miR-150 in endothelial cells caused reduction of IGF-1R [38] . These results indicate that miR-150 mediates its detrimental effects via suppression of the IGF-1R signaling pathways. In addition, a miR-150 deficiency is also able to prevent Fasinduced hepatocyte apoptosis and acute liver injury through regulation of the Akt signaling pathway [57] .
miR-494 miR-494 was initially shown to be upregulated in Waldenstrom macroglobulinemia cells and human retinoblastoma tissues [58] . In a mouse model, miR-494 was shown to target the 3'-UTR of activating transcription factor 3 (ATF3) [39] , a protein that has been shown to protect against renal I/R injury [59] . This specific binding represses the transcription of ATF3, thereby contributing to inflammation after I/R injury ( Figure 3E ) [39] . In this study, overexpression of miR-494 significantly decreased ATF3 expression after renal I/R injury but induced inflammatory mediators, such as IL-6, monocyte chemotactic protein-1 (MCP-1) and P-selectin, thereby exacerbating apoptosis and further decreasing renal function [39] . In addition, overexpression of miR-494 resulted in a significant increase in urinary serum creatinine levels [39] . Similarly, increased miR-494 levels were also found in human patients with AKI [39] . Activation of NF-κB was suggested to mediate this pro-inflammatory response [39] . Inhibition of miR-494 was able to increase neovascularization and blood flow recovery after ischemia likely through targeting of fibroblast growth factor receptor 2 (FGFR2), vascular endothelial growth factor A (VEGFA) and Ephrin B2 (EFNB2) [60] .
miR-687
Microarray assays of kidney tissues from renal ischemia mice identified miR-687 upregulation as transient, with the highest upregulation detected at 12 hours of reperfusion [40] . Sequence analysis and in vitro and in vivo studies indicated that miR-687 is a direct transcriptional target of HIF-1 during renal I/R injury ( Figure 3F ), and their binding is dependent on a hypoxia responsive element (HRE) [40, 61] . MiR-687 also targets PTEN and represses its expression, thereby facilitating cell cycle progression and apoptosis and eventually mediating kidney injury and repair [40] . Inhibition of miR-687 via anti-miR-687 preserved PTEN expression and blocked cell cycle activation and renal apoptosis, leading to protection against kidney injury in mice [40] . These results suggest the possibility of targeting the HIF-1/miR-687/PTEN signaling pathway during I/R injury in future therapeutic strategies [40] .
Other miRNAs
In addition to the above-mentioned miRNAs, a large number of miRNAs are also aberrantly expressed in animal AKI models and human AKI patients. For example, miR-92b, miR-210, miR-617, miR-638 and miR-663b were highly expressed in the plasma of patients with AKI compared to healthy controls [62] , whereas let-7b, let-7f, miR-16, miR-320, miR-620 and miR-1244 were significantly depressed in the same test samples [62] . Of these miRNAs, only miR-16 was recently found to transactivate via the CCAAT enhancer binding protein beta (C/EBP-b), thereby resulting in aggravated I/R-induced AKI [63] . In addition, as mentioned earlier, in a contrast-induced rat AKI model [35] , a many miRNAs, including miR-10a, miR30a, miR30c, miR30e, miR-181, miR-320, miR-455, miR-489 and miR-505, were upregulated, while some miRNAs, including let-7c, miR-146, miR-182, miR-200a, miR200c, miR-204 and miR-302, were downregulated [35] . However, all of these miRNAs have not been well studied in AKI animal models and human patients. It is still unclear which sequences are targeted by each miRNA and how these miRNAs contribute to AKI.
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Long non-coding RNAs and AKI
Emerging evidence shows that lncRNAs are critical regulators of genes involved in a variety of human diseases including AKI [64] [65] [66] . Recently, microarray assays and RNAsequencing (RNA-seq) methods have been used to evaluate lncRNA expression in animal models of I/R injury or in patients with AKI [64] [65] [66] . A few lncRNAs are differentially expressed in models of I/R injury in comparison to the control group expression [64] [65] [66] . Of these lncRNAs, the functions of TapSAKI (TrAnscript Predicting Survival in AKI) [64] , AK139328 [65] and lncRNA-PRINS (Psoriasis susceptibility-related RNA Gene Induced by Stress) have been well studied ( Table 2 ) [66] .
TapSAKI
In a study evaluating the pattern of circulating lncRNAs in patients with AKI, a genomewide expression analysis was performed using RNA isolated from kidney biopsy and plasma samples of 109 AKI patients, 30 age-matched healthy controls and 30 patient controls with acute myocardial infarction (AMI) [64] . An intronic (antisense to β-1, 4-mannosylglycoprotein 4-β-N-acetylglucosaminyltransferase-MGAT3) lncRNA termed TapSAKI was specifically identified in kidney biopsies and upregulated in the plasma of patients with AKI but not in the plasma of control group patients [64] . The concentration of circulating TapSAKI correlated with parameters of disease severity and was enriched in hypoxic tubular epithelial cells [64] . These results suggest that TapSAKI may be useful as a specific, independent biomarker for the prognosis of AKI [64] . However, the underlying mechanisms of TapSAKI induction and regulation are still unknown.
AK139328
Microarray analysis identified a total of 98 lncRNAs that were dysregulated in mouse livers after I/R treatment [65] . Of them, 71 lncRNAs were upregulated and 27 were downregulated [65] . Among the upregulated lncRNAs, AK139328 was shown to be involved in liver I/R injury and exhibited the highest expression levels in normal mouse livers [65] . siRNA-mediated knockdown of AK139328 repressed expression of IP-10 (interferon gamma-induced protein 10) and MCP-1, decreased caspase-3 activation and plasma aminotransferase activities and inhibited NF-κB activity and the expression of inflammatory cytokines ( Figure 4A ) [65] . Increased levels of some survival-signaling proteins, such as glycogen synthase kinase 3 (pGSK3), phosphorylated Akt (pAkt) and endothelial nitric oxide synthase (peNOS), have been detected following knockdown of AK139328, indicating that its removal can activate the Akt signaling pathway ( Figure 4A ) [65] . Thus, AK139328 may be useful as a biomarker for diagnosis and may serve as a target for improving outcomes after liver surgery or transplantation [65] .
lncRNA-PRINS RANTES (regulated on activation, normal T-cell expressed and secreted) is an inflammatory mediator involved in I/R-related diseases including AKI; increased RANTES levels in renal tubular cells further aggravated kidney injury through recruitment of inflammatory cells and led to a loss of renal function after I/R injury [66] . Expression of RANTES was significantly increased in wild type mice with I/R injury [66] . Interestingly, RANTES knockout (RANTES (−/−) ) mice displayed better renal function because their serum creatinine levels were significantly lower than those of wild type mice [66] . Moreover, 
RANTES
(−/−) mice exhibited defects, such as decreased acute tubular necrosis (ATN), impaired infiltration of inflammatory cells and attenuated proinflammatory production of cytokines and chemokines [66] . These results demonstrate that RANTES is an important mediator of AKI following I/R injury [66] . A HIF-1α-responsive lncRNA known as lncRNA-PRINS has been implicated in regulating RANTES production and may be involved in the process of AKI [66] . Furthermore, RANTES expression is regulated by NF-κB, and lncRNA-PRINS may act as a HIF-1α-dependent lncRNA during AKI ( Figure 4B ) [66] . Thus, the HIF-1α-lncRNA-PRINS-RANTES axis may play a regulatory role during AKI [66] .
Conclusions
In recent years, a great number of ncRNAs have been identified and shown to be critical regulators of human diseases including AKI. We have also made considerable strides in understanding how ncRNAs contribute to kidney function, especially with regard to AKI. Overall, the identified ncRNAs mainly function to target and repress expression of genes that are critical in the development and progression of renal diseases. Meanwhile, multiple signaling pathways involved in apoptosis and inflammation are also dysregulated during AKI. It is highly possible that we will be able to develop future therapeutic strategies that target ncRNAs in vivo to inhibit or restore their expression. Some of these ncRNAs have the potential to be developed as novel diagnostic and prognostic biomarkers for AKI. However, several challenges remain for experimental studies and clinical therapy. The first challenge is that detection and amplification of ncRNAs in the kidneys is challenging because of their low abundance, which may result in key ncRNAs being overlooked during experimental studies. The second challenge is that ncRNAs commonly have cell-specific effects, which poses significant challenges, especially in targeting ncRNA-based therapeutics to specific renal cells. The third challenge is that it is difficult to obtain sufficient clinical samples from patients undergoing different stages of AKI, which may limit our ability to study how ncRNAs function in the process of AKI. Although these challenges exist, understanding the molecular mechanisms of ncRNAs in AKI will have significant benefits for the development of diagnostic and therapeutic tools for early detection and subsequent treatment of AKI. 
